High-resolution inelastic x-ray scattering measurements were carried out on molten NaI near the melting point at 680 • C at SPring-8. Small and damped indications of longitudinal optic excitation modes were observed on the tails of the longitudinal acoustic modes at small momentum transfers, Q ∼ 5 nm −1 . The measured spectra are in good agreement, in both frequency and linewidth, with ab initio molecular dynamics (MD) simulations but not classical MD simulations. The observation of these modes at small Q and the good agreement with the simulation permits clear identification of these as collective optic modes with well defined phasing between different ionic motions.
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The existence of optic excitation modes in molten salts was predicted by Hansen and McDonald [1] more than three decades ago by a pioneering molecular dynamics (MD) simulation, which revealed the existence of propagating short wavelength charge fluctuations as in the solid state. Further MD simulations with more advanced potentials confirmed this prediction by including mass effects and ion polarization [2, 3] . These computer studies motivated several groups to investigate ion dynamics in molten salts by inelastic neutron scattering [4, 5] . However, the experiments were subject to the kinematic constraints of the energy (hω)−momentum (Q) transfer relation of the neutrons. Thus, the neutron data were measured at Q > 10 nm −1 , where optic modes may be highly damped and/or buried beneath experimental backgrounds.
# Inelastic x-ray scattering (IXS) has nearly no such kinematic constraints and tends to have reduced backgrounds.
In a two component molten salt, the dynamic structure factor, S(Q, ω), is written as a combination of three scattering functions [6] ,
where f + and f − are atomic form factors of cation and anion atoms, respectively. S NN is the density fluctuations (acoustic modes), S ZZ is determined by charge fluctuations (optic modes), and S NZ is the cross term. As can be inferred from this equation, a large difference in the f values gives a large weight to the charge fluctuations. Thus, NaI seems to be one of the most favorable molten salts to detect the optic excitation modes.
The observation of an optic mode at small Q is important, as an analysis by Bryk and Mryglod [7] using an approach of generalized collective modes (GCM) shows a significant change in mode character as Q increases. In the small Q region, <∼ 10 nm −1 , the low-ω acoustic mode reflects a longitudinal propagating pressure wave and the high-ω optic mode the out-of-phase charge current fluctuations. In the Q region beyond 10 nm −1 , however, the low-or high-ω branches reflect primarily the dynamics of the heavy or light sub-system, respectively. Thus observation of modes at low Q demonstrates the presence of the true out-of-phase motion, which is characteristic of a longitudinal optic (LO) mode in a solid.
In this letter, we report measurements of the LO collective excitation modes in molten 2 NaI obtained from a precise IXS experiment with a good statistics and a low background.
The LO modes were found in the low Q range, ∼ 5 nm −1 , as small and damped shoulders on the tail of the longitudinal acoustic (LA) excitation modes, in excellent agreement with results of an ab initio MD simulation. The present results are the first experimental proof for these theoretically predicted excitations at small Q, and the first unambiguous observation of optic modes in a molten salt.
The S(Q, ω) spectra of molten NaI were measured at 680 • C at BL35XU/SPring-8 [8] using the Si(11 11 11) reflection with an incident x-ray energy of 21.747 keV. In order to obtain a better statistics, the measurements were performed at one goniometer angles, corresponding to Q values between 1.3 and 5.5 nm −1 , and more than twenty scans (almost two days) were performed for investigating the small LO modes. The energy resolution was about 1.4 meV, and the Q resolution was about ±0.4 nm −1 . The ω range was ±40 meV due to the high excitation energies of the LO modes. This high-intensity low-background IXS spectrometer [9] allows to observe small non-hydrodynamic excitations, such as transverse acoustic (TA) excitations in a simple liquid metal [10] .
A previous IXS experiment on molten NaI [11] was performed with poorer statistics and showed small indications of the LO modes. Since the tiny signals of LO modes are buried in the background produced by the sapphire sample container, mainly LA and TA excitations of sapphire, this was not a clear evidence of the observation of LO modes in a molten salt and we regard the present experiment with better statistics and lower background as correct.
The sample was contained in a cell made of single crystal sapphire [12, 13] . In order to suppress the background from the sapphire container, the x-ray windows were polished down to 0.15 mm. It was placed in an internally heated vessel [13, 14] with x-ray windows made of thin Si single crystals capable of covering scattering angles between 0 • and 25 • . A pressure of 1.5 bar of high-purity-grade He gas was applied to stabilize the sample. The temperature of 680 • C was achieved using a Mo resistance wire of 0.5 mm in diameter, and monitored with two W-Re thermocouples.
Theoretical time-correlation functions for molten NaI were obtained from an ab initio MD simulation. A system of 150 particles was simulated in a constant volume and temperature (680 • C) ensemble. The detailed calculation procedure is given in Ref. [15] . In the lower Q range, the observed intensity is hampered by the LA-and TA modes from the sapphire container. Unfortunately, at Q = 1.5 nm −1 where the sapphire LA modes do not interfere with the LO modes of molten NaI, the high frequency excitations are too small to be detected, reflecting the Q 2 vanishing feature of the high frequency LO modes in the low Q range [7] .
This experimentally observed extra intensity is also observed in the ab initio MD simulations. In order to compare to the theoretical data, calculated x-ray scattering intensity at Q = 3.3 and 5.7 nm −1 are given in Fig. 1 The existence of high-ω excitation modes was reported from several inelastic neutron scattering investigations on liquid binary mixtures, such as liquid Li 4 Pb [17] , Na x Sn 1−x [18] , or DF [19] . Due to the kinematic constraints, however, such high-ω modes were found only in the high Q range beyond ∼ 10 nm −1 . In this Q region, the high-and low-ω branches of binary liquids are interpreted by reflecting mainly partial dynamics of light and heavy elements, respectively, as mentioned in the introductory. Contrary to this, the two branches of collective excitations invested here have different origins; a high-ω branch from nonhydrodynamic optic excitations and a low-ω one from hydrodynamic acoustic modes. The optic high-ω branch in molten NaI originates from motions of differently charged species with opposite phases, which is confirmed by a prominent excitation peak in S ZZ (Q, ω) calculated in a classical [20] MD simulation. The existence of optic modes was also discussed for the IXS results of water as the low-ω branch in relation to the fast sound [21] .
The existence of collective optic modes in molten salts has widely been predicted theoretically for more than three decades. However, in both the ab initio [15] and the classical [20] MD calculations, realistic IXS spectra were calculated for molten NaI by taking the respective weighting factors for the partial contributions into account. Although the S ZZ (Q, ω) partial spectrum comprises a prominent peak, the optic excitation is predicted to be just an extremely small contribution to the total S(Q, ω) of 3.7 × 10 −5 at Q = 1.75 nm −1 given in Ref. [20] . Thus, a high-intensity low-background IXS experiment is an essential prerequisite to detect the LO excitation modes in molten salts.
The present IXS and ab initio MD simulation results show lower excitation energies of the LO modes and a stronger damping as compared to the theoretical prediction from the classical MD simulations using rigid or polarizable models [6] , where the electrons are frozen in the ionic cores or the ion polarization contributions are included into the effective potentials. A theoretical comparison is also given in Ref. [15] . The present results show that only ab initio MD simulations with correct GCM analysis is capable of making predictions of the softening and damping of the LO modes in molten salts.
The origin of damping for the LO modes has been discussed in a previous paper [22] , where an analytical expression for Γ is given. There, it is suggested that the main contribution comes from microscopic ionic conductivity. Since the ionic conduction in a molten salt occurs by releasing ions from solid-like cages formed instantaneously in the melt, the lifetime of the LO modes of ∼ 0.3 ps corresponds to the lifetime of the cages.
In summary, we have presented the first reliable experimental data to prove the existence of LO collective modes in molten NaI in the low Q range. The experiment was carried out using high-resolution IXS at BL35XU/SPring-8 where we were able to perform a high quality experiment with an low background. The obtained experimental results are in excellent agreement with theoretical predictions from an ab initio MD simulation. The observation of these modes at such small Q and the good agreement with the simulation permits clear identification of these as collective optic modes with well defined phasing between different ionic motions. From the widths of the excitation peaks, the lifetimes of the LO modes were estimated to be about 0.3 ps, which would be related to the lifetime of the cages formed 8
